We characterized two sets of extensional faults that comprise the Nar Sulcus region of Ceres by applying a cantilever model for fault related flexure and derived flexural rigidity values for Nar Sulcus between 2.0 · 10 15 and 1.8 · 10 16 N·m. This range of flexural rigidity makes Nar Sulcus mechanically akin to extensional structures on Ganymede, Europa, and Enceladus. We combine these observations with an inferred strength profile for the upper mechanical layer of Ceres and estimate its thickness to be 2.9-9.5 km.
Introduction
Upon arriving at the dwarf planet Ceres in March of 2015, the National Aeronautics and Space Administration's Dawn mission (Russell et al., 2016 ) discovered an intensely fractured region in Ceres' southern hemisphere now named Nar Sulcus . The Nar Sulcus fractures (Figure 1 ), which are centrally located at 280.11°E, 41.86°S within the Yalode impact crater, display morphologies similar to those of imbricated listric normal faults on the Earth and have topographic profiles suggestive of elastic flexure. Modeling the shape of elastically flexed topography allows for the estimation of the elastic thickness of the mechanical layer being faulted. When this elastic thickness is combined with an assumed strength profile and strain rate, the mechanical thickness and heat flux present at the site of the newly formed topography can be estimated. Estimates of these parameters through the analysis of flexurally supported topography have previously been done on the Earth (e.g., Kusznir et al., 1991; Lowry & Smith, 1994; Weissel & Karner, 1989) , Venus, (e.g., O'Rourke & Smrekar, 2018) , Mars (e.g., Grott et al., 2005; Ruiz et al., 2006) , Ganymede (Nimmo & Pappalardo, 2004; Nimmo et al., 2002) , Europa (Nimmo & Schenk, 2006; Ruiz, 2005) , Tethys (Giese et al., 2007) , and Enceladus (Giese et al., 2008) . Despite a plethora of evidence suggesting Ceres' upper layer is rich in water ice (e.g., Buczkowski et al., 2016; Combe et al., 2016 Combe et al., , 2019 Fu et al., 2017; Hughson et al., 2018; Prettyman et al., 2017; Schmidt et al., 2017; Sizemore et al., 2017 Sizemore et al., , 2018 , its exact concentration and HUGHSON ET AL. 80
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distribution remains enigmatic. Flexural analysis of Nar Sulcus presents a unique opportunity to better understand the role of water ice on the surface geology of Ceres, at least locally to this unique landform.
We present new elastic constraints on the upper mechanical layer of Ceres proximal to Nar Sulcus. We use stereophotogrammetrically derived elevation models (Roatsch et al., 2016a ) to identify two sets of possible normal faults on Ceres, analyze them for topography that is flexurally supported, and use that topography to obtain estimates of the effective elastic thickness and surface heat flux range proximal to Nar Sulcus at the time of their formation. In order to better constrain the role of ice in the upper layer of Ceres, this exercise is repeated at strengths and rheologies approximating ice-rock mixtures with 0, 30, and 56 volume percent rock. Additionally, we estimate the time at which these parameter estimates are valid by applying a Buffered Crater Counting (BCC) approach (Fassett & Head, 2008; Kneissl et al., 2015) , specifically designed to derive crater-based absolute model ages of narrow linear features.
Observations
Nar Sulcus was extensively imaged by Dawn's framing cameras throughout its mission at resolutions as fine as~35 m per pixel. This region consists of two mutually perpendicular sets of fractures located just north of a large (~2 km tall) tholus. The larger of these sets trends approximately east-west, is~50 km long, and~10 km Roatsch et al., 2016b) overlain by color-coded stereo-topography relative to the 482 km by 446 km oblate best-fit biaxial ellipsoid (vertical accuracy <10 m). The dashed boxes indicate the largest faults examined in this study. These valleys were unofficially named α, β, γ, and δ valles. Stacked topographic profiles for each valley were created from transects spaced 1 km apart oriented perpendicular to the long axis of each rectangle (see Supporting Information S1 for more information). (b) Perspective view of the largest faulted set at Nar Sulcus from the west looking east. The vertical exaggeration in this view is a factor of 1.5.
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• Figure S1 • Figure S2 • Figure S3 wide. The smaller set trends approximately south-north, is~15 km long, and~10 km wide. Stereotopography (Roatsch et al., 2016a) revealed the major fractures in both sets to have characteristic vertical displacements (throws) between 400 and 550 m, horizontal displacements (heaves) between 800 and 1,000 m, and spacings of~1.5-2 km. The morphology of these well-defined sets of subparallel ridges and troughs is consistent with an origin due to extensional faulting. The consistent concave down shape of the downthrown fault blocks and concave up shape of the upthrown fault blocks further suggest flexurally supported topography (Giese et al., 2007 (Giese et al., , 2008 .
Previous studies reported a model age of 580 Ma for Yalode ejecta and 420 Ma for the Urvara/Yalode smooth material unit which hosts Nar Sulcus, using a lunar-like impact chronology . However, this smooth material may have a model age as young as 190 Ma . We performed a Buffered Crater Counting analysis of Nar Sulcus and its surrounding terrain for craters with diameters ≥200 m using both a Lunar Derived and Asteroid Derived chronology model in order to establish their chronostratigraphic relationship (supporting information Figure S1 ). The derived model age ranges for Nar Sulcus and the background material are 98-173 and 165-478 Ma, respectively. From this analysis, we conclude that Nar Sulcus is temporally distinct from its immediate surroundings and is considerably younger than Yalode.
Methods
We estimate the elastic thickness, T e , of the upper mechanical layer proximal to Nar Sulcus by applying a single layer flexural cantilever model similar to the one developed by Kusznir et al. (1991) to stacked topographic profiles of the four largest fault-bound valleys in Nar Sulcus ( Figure 2 , see Figure 1a for context). The details of this model are described in Text S1. We infer T e at Nar Sulcus from model derived values of the flexural rigidity (D) and surface fault dip angle (θ) and from imposed values of the material's Young's modulus (E) and Poisson's ratio (υ). The relationship between these material properties is given by (1).
In order to estimate the heat flux and mechanical thickness, T m , of the surface near Nar Sulcus, we implement McNutt's (1984) model of the vertical structure of the lithosphere. In this formalism strain is accommodated through brittle sliding in an upper fractured layer, through flexure of an underlying elastic layer, and finally by ductile flow within the bottommost region. The mechanical thickness is defined as the high strength region of Ceres from its surface down to where ductily supported stresses at geologically relevant strain rates are negligible. On Earth, this is taken to be~50 MPa (McNutt, 1984) . We choose this limiting stress on Ceres to be 1 kPa, which is small compared to the average maximum modeled differential stress of several hundred kilopascals. The dependence of T m on the limiting stress is weak given that material strength falls off rapidly with increasing temperature. We use the relationship between T m and T e established by Giese et al. (2007 Giese et al. ( , 2008 given by (2).
where σ(z) is the differential stress at a depth z taken to be the least of the aforementioned brittle sliding stress, elastic stress, and ductile stress of the mechanical layer. K max is the maximum curvature of either the upthrown or downthrown fault block's profile derived from the flexural cantilever model, and z n is the depth to the neutral axis (i.e., the depth where the stress changes from compressional to extensional in a bent plate with positive curvature) such that the stress profile integrates to 0.
To generate the stress profile σ(z), we adopt the brittle strength relations for cold ice given by Beeman et al. (1988) with a slope of 0.69 and an intercept equal to 0. Changing the slope to 0.85, which is representative of most competent silicate materials (Byerlee, 1978) , changes the value of T e for a given heat flux by only~1%.
For the ductile strengths, we consider grain boundary sliding and dislocation creep via the following equation
where _ ε is the average strain rate during the formation of Nar Sulcus and _ ε gbs=disl are the specific strain rates associated with grain boundary sliding (gbs) and dislocation creep (disl). These strain rates can be written generally as the following (Giese et al., 2007 (Giese et al., , 2008 Goldsby & Kohlstedt, 2001; Ranalli, 1995) 
where R is the gas constant, T(z) is the temperature at depth z, d is the grain size, and Q is the process dependent activation energy. A, n, and m are all process and material dependent constants. T(z) is related to the heat flux, F, via (5)
where k m is the thermal conductivity of the mechanical layer. We use McCord and Sotin's (2005) thermal conductivity for an ice-silicate mixture
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where f s is the silicate volume fraction, and k m is measured in watts per meter per kelvin. Our model does not include the effects of porosity due to its unknown and likely complex structure; however, we discuss its potential influence on our results in section 5.
Throughout all the above calculations, we use the following values: E ice = 1.0 GPa (Giese et al., 2007 (Giese et al., , 2008 Nimmo & Pappalardo, 2004; Nimmo & Schenk, 2006) , g = 0.28 m/s 2 (Russell et al., 2016) , To test mechanical layer compositions with rock volume fractions of f s = 0.30 and f s = 0.56, we increase the Young's modulus of the mechanical layer by a factor of 1.5 and 3.5, respectively, relative to that of pure ice (Durham et al., 1992; Yasui et al., 2017) . Additionally, we increase the effective viscosity for f s = 0.30 and f s = 0.56 mixtures by factors of 5 and 150, respectively, relative to the rheology of pure ice (Durham et al., 1992) . This is accomplished by multiplying the ductile stress component of σ(z) by the previous factors when solving equation (2). We estimate the strain in both of Nar Sulcus' fracture sets to be between 5% and 8%. Assuming that Nar Sulcus formed over no less than 0.1 Ma and that it formed over a period of time no longer than our maximum model age estimate of 98-173 Ma, we infer the geologically relevant strain rates in this region at 10 À17 -10 À14 s
Results
À1
. Results from applying the above bounding values of T e /K max and the aforementioned rheological parameters to (2) are shown in Figure 3 . The total range of near-surface heat fluxes that satisfy our mechanical and geological constraints is 9-201 mW/m 2 , with associated mechanical thicknesses 2.9-9.5 km. As expected, both the mechanical thickness and the heat flux exhibit considerable dependences on grain size and strain rate.
Discussion
Direct comparison of the model derived range of flexural rigidities at Nar Sulcus to other solar system objects firmly characterizes it as mechanically similar to most outer solar system icy satellites (Table 1) . In contrast, silicate-dominated bodies like the Earth and Mars have typical flexural rigidities at least four orders of magnitude greater than what we measure at Ceres. Given Ceres' intermediate surface thermal environment between that of the inner and outer solar system, the similarity between the flexural rigidity of Nar Sulcus and those of Ganymede, Europa, and Enceladus suggests that the faulted layer on Ceres is 
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Geophysical Research Letters likely a mixture of water ice and denser, more rigid phases, but whose mechanics is dominated by the ice component.
The average near-surface heat flux on Ceres over the past~800 Myr was likely no greater than~1 mW/m 2 (Travis et al., 2018) . This is in contrast to our results at Nar Sulcus, which are one to two orders of magnitude larger. However, it is possible that eutectic brines currently exist at shallow depths of 30-50 km below the surface (Travis et al., 2018) . Stein et al. (2017) postulated that subsurface brines could be brought to the surface or near surface of Ceres following large impact events. Laccolith formation from these fluids could plausibly raise the local heat flux by a few tens of milliwatts per square meter. Similarly, it has been suggested that tholi on Ceres, like the one at Nar Sulcus, may have been formed through solid-state diapirism , which may have produced a small increase in the local surface heat flux. The emplacement of large quantities of excavated and/or impact heated Urvara/Yalode Smooth Material from the Urvara-forming impact (as suggested by Crown et al., 2017) could have plausibly raised the heat flux at Nar Sulcus by several tens of milliwatts per square meter for potentially a few million years (see Biren et al., 2014, and Bowling et al., 2018 , for relevant examples). On this geological basis, we cautiously interpret the local heat flux during formation of the faults to have most likely fallen within 10-100 mW/m 2 .
From Figure 3 , we note that the only curves which completely satisfy our preferred heat flux range over all geologically relevant strain rates belong to the family f s = 0.0, with the exception of a single f s = 0.3 curve. Based on our measured 5-8% strain, _ ε ¼ 10 À15 s À1 corresponds to deformation on the million-year timescale, which is the relevant heat dissipation timescale for large quantities of material disturbed by the Urvara-forming impact (Biren et al., 2014; Bowling et al., 2018) . At this strain rate, we note that all but one of the f s = 0.3 and only one of the f s = 0.56 curves in Figure 3 fall below F = 100 mW/m 2 . A silicate-dominated rheology at Nar Sulcus is deemed highly unlikely as it would require both an extremely thin elastic layer and an implausibly high heat flux. We estimate an upper bound of~30 vol.% mechanically silicate-like phases within the mechanical layer at Nar Sulcus, which is broadly consistent with Fu et al.'s (2017) and Ermakov et al.'s (2017) estimate of the global rock volume fraction within the upper layer of Ceres. However, the remaining~70 vol.% of the mechanical layer in our model is composed of mechanically ice-like phases, which is considerably more than the upper bound of~25 vol.% ice estimated by Fu et al. (2017) . This result is consistent with the variations in ice content in Sizemore et al. (2018) with more ice observed in association with large craters and basins.
Curiously, of the planetary objects listed in Table 1 , Tethys (mean diameter 1,062 km) is closest in size to Ceres (mean diameter 946 km), yet of the icy satellites, its flexural rigidity is the most unlike Ceres. Ganymede, Europa, and Enceladus, whose flexural rigidities are Ceres-like, are all either much larger or much smaller than the dwarf planet. Additionally, these icy moons are all known to have subsurface oceans and believed to have relatively high (tens to hundreds of milliwatts per square meter) modern and/or historical heat fluxes (Bland et al., 2017; Giese et al., 2008; Ruiz, 2005) . Tethys likely has no such ocean (Matson et al., 2009 ).
The similarity of Nar Sulcus to these ocean worlds is most likely due to a combination of its warm thermal environment in the main belt and the peculiar "dirty ice" composition of its surface layer. The average surface temperature on Ceres relative to Enceladus and Tethys is nearly 100 K greater. This dramatically reduces the depth to the ductile layer, which in turn limits the brittle thickness at Nar Sulcus compared to these icy moons for a given heat flux (assuming an ice dominated rheology). Giese et al. (2008) reported heat fluxes in the For example, Lowry and Smith (1994) and Walcott (1970) 10.1029/2018GL080258 , which are plausibly similar to the historical heat flux at Nar Sulcus, but whose cold, frozen elastic layer is inferred to be between 4.9 and 7.2 km thick. The increased ductility on Ceres is only partially compensated by the increased strength of the cerean near surface due to its silicate component. The potential presence of brines and other salty ice phases near their homologous temperatures within the mechanical layer below Nar Sulcus may further limit the depth to the ductile layer. Giese et al. (2008) found that including a porosity estimate in their calculations of the heat flux at Harran Sulci, Enceladus, decreased the derived values by a maximum of around one order of magnitude compared to the nonporous cases. However, they cautioned against interpreting their result as being reflective of the true effect of porosity on the thermal conductivity of Enceladus. This reduction in heat flow is due to the insulating effects of increased void space, which in general apply to all solar system objects. If the reduction in thermal conductivity due to porosity on Ceres is proportionally similar to that of what Giese et al. (2008) estimated for Enceladus, then all the parameter combinations in Figure 3 would become geologically plausible in the context of achievable surface heat fluxes on Ceres. The main implications of this would be that the upper layer of Ceres could contain much more silicate-like material than currently expected or that the ancient surface heat flux at Nar Sulcus was no more than a few times the current global average.
Conclusions
Through the application of flexural techniques developed for terrestrial settings, we determined that Nar Sulcus is mechanically much more similar to extensional structures on many icy satellites than to their counterparts on the silicate-dominated planets. The characteristics of the faults in Nar Sulcus are consistent with a thin/weak elastic layer approximately 190-590 m thick. The corresponding mechanical layer is 2.9-9.5 km thick. Based on our modeled T e range, geologic context, and genetic thermal models, we interpret the surface heat flux at Nar Sulcus during its formation to have been~10-100 mW/m 2 . This range is between one and two orders of magnitude larger than the predicted average surface heat flux during the last~800 Myr, although accurately including the effects of porosity could significantly reduce these values. In combination with the observed variability of the heat flux with changing grain size, this further underscores the importance of knowing both the porosity structure and grain size distribution for thermal modeling of Ceres. This interpreted heat flux range is consistent with a mechanical layer that contains no more thañ 30 vol.% mechanically silicate-like phases. If the higher than expected historical heat flux at Nar Sulcus is true, it may plausibly be explained by solid-state diapirism, laccolith formation from cryomagma sourced from either endogenic reservoirs or impact melt, and/or residual heat from the emplacement of Urvara/Yalode Smooth Material from the Urvara-forming impact.
